ABSTRACT In vivo and in vitro experiments were conducted to test for beneficial effects of dietary clays on broiler chicks challenged with Salmonella enterica serovar Typhimurium and to explore potential mechanisms. First, two hundred forty 1-d-old male broilers (initial BW: 41.6 ± 0.4 g) were allotted in a 2 × 4 factorial arrangement in a randomized complete block design. There were 2 infection treatments (with or without Salmonella) and 4 diets: basal (BAS), 0.3% smectite A (SMA), 0.3% smectite B, and 0.3% zeolite. The Salmonella reduced (P < 0.05) the growth rate of chicks fed the BAS, and feeding clay largely restored it (challenge × diet interaction, P < 0.05). Goblet cell number and size were increased (P < 0.05) by Salmonella in chicks fed the BAS and were reduced (P < 0.05) in Salmonella-challenged chicks by feeding SMA. Villus height was reduced by the Salmonella challenge in the chicks fed dietary clays (P < 0.01) but not in chicks fed the BAS (interaction P < 0.05). A human adenocarcinoma cell line (LS174T) was cultured in vitro in 3 separate experiments in the absence or presence of 3 concentrations (0.05, 0.10, and 0.50%) of SMA. Expression of mucin 2 (MUC2), resistin-like molecule β (RELMß), and trefoil factor 3 (TFF3) were determined by real-time reverse-transcription PCR. The expression of RELMβ was increased and expression of MUC2 was reduced (P < 0.05) by 0.10% SMA. Also, LS174T cells were cultured without or with SMA (0.05 and 0.10%) and the medium and cell lysate were analyzed for RELMβ using an immunoblot assay. Protein expression of RELMß in the cell lysate was reduced (P < 0.05) by SMA addition but increased in the medium, indicating that SMA increased secretion of RELMß, thus depleting the cell and concentrating this protein in the medium. In conclusion, the dietary clays restored the growth depression caused by Salmonella, and changes in goblet cell function may contribute to the benefits of one of the clays, specifically SMA.
INTRODUCTION
Economic loss due to enteric diseases is an important problem in the food animal industry, in spite of powerful health technologies such as all-in/all-out movements, sanitation, biosecurity, vaccines, and others (Hardy, 2002) . Growing evidence shows that several dietary factors can help maintain health and growth performance of disease-challenged animals (Perez et al., 2011; Che et al., 2012) . Also, we found that feeding a low dietary concentration of specific clays (smectite, zeolite, and kaolinite) to pigs challenged with a pathogenic Escherichia coli reduced diarrhea . Clays have been used to reduce enteric disorders in humans (Carretero, 2002; Szajewska et al., 2006) , but their efficacy in chicks challenged with enteric disease has not been reported. Their current use in diets for poultry and pigs is largely for adsorption of mycotoxins (Ledoux and Rottinghaus, 2000) .
Several mechanisms have been proposed for the beneficial effects of clays on enteric health, including toxin binding (Phillips et al., 1988; Schell et al., 1993; Harper et al., 2010) , enhancement of the immune response (Gonzales et al., 2004) , strengthened intestinal mucus barrier (Reichardt et al., 2009; Trckova et al., 2009) , mineral binding (Katsumata et al., 2003) , and others (Droy-Lefaix et al., 1985; Fioramonti et al., 1987; Ward et al., 1991) . All of these mechanisms are supported by controlled observations, but their relative importance under specific conditions is unknown. Potential impacts on barrier function and immune response appear especially strong and relevant to health (Gonzales et al., 2004; Trckova et al., 2009 ).
Effects of dietary clays on performance and intestinal mucus barrier of broiler chicks challenged with Salmonella enterica serovar Typhimurium and on goblet cell function in vitro
Goblet cells are specialized epithelial cells that secrete cysteine-rich products (Moncada and Chadee, 2002) such as mucin 2 (MUC2), trefoil factor 3 (TTF3), and resistin-like molecule β (RELMβ). These products are involved in maintaining integrity of the gastrointestinal mucosal surface (Specian and Oliver, 1991) . The genes of the MUC family encode the peptide backbones of mucins. There are secreted (MUC2, MUC5A, MUC5B, MUC6, and MUC7) and membrane-bound (MUC3, MUC4) mucins (Corfield et al., 2000) . The MUC2 is the major secreted mucin in the small and large intestine (Kim and Ho, 2010) .
The TFF are secreted in the gastrointestinal tract (Thim et al., 2002) and usually associated with the mucin layer where they have a healing function (Thim, 1997) . The TFF3 is expressed mainly in the intestine (Thim, 1997) and is almost exclusively expressed by goblet cells. The TFF co-localizes with MUC2 (Taupin and Podolsky, 2003) . The expression of RELMβ is induced upon bacterial colonization; thus, it is associated with mucosal injury (McVay et al., 2006) in certain pathological conditions and also triggers protective and pro-inflammatory mechanisms in animals exposed to chemically induced colitis (Kim and Ho, 2010) .
Our objectives were first to test for beneficial effects of dietary clays on young broiler chicks challenged with pathogenic Salmonella and to explore potential mechanisms through which clays may produce benefits, with primary emphasis on barrier function.
MATERIALS AND METHODS

In Vivo Experiment
The Institutional Animal Care and Use Committee and Institutional Biosafety Committee of the University of Illinois reviewed and approved the animal care procedures for this experiment.
Birds, Housing, and Experimental Design
Two hundred forty 1-d-old male broiler chicks (initial BW: 41.6 ± 0.4 g; Ross × Ross, line 308) were allotted in a randomized complete block design with level on the battery as the block and pen as the experimental unit. Six replicates of 5 chicks were assigned to each treatment. At hatch, chicks were weighed and identified with wing bands. They were assigned to pens in a manner to equalize mean BW across all 48 pens. The chicks were housed in starter batteries with raised wire floors inside disease-containment chambers where the temperature was controlled and there was continuous lighting. The Salmonella-challenged chicks were in one chamber, the sham-challenged ones in a separate chamber to reduce the possibility of cross-contamination. Feeding and water troughs were attached to the side of each pen. There were a feeder and drinker in each pen. Pens were randomly assigned to 1 of 2 infection treatments (Salmonella challenge versus sham challenge) and 1 of 4 dietary treatments: basal diet, smectite A (SMA), smectite B (SMB), and zeolite (ZEO) at 0.3% inclusion in the basal diet. All the experimental diets were made from the basal diet with the addition of 0.3% of each dietary clay.
A primary poultry isolate of Salmonella enterica serovar Typhimurium (ST-10, Southern Plains Agricultural Research Center, USDA, College Station, TX) was used as previously reported by Faber et al. (2012) . On d 0 (the day of inoculation, 10 d of age) inoculum was diluted to 4 × 10 8 cfu/mL using sterile PBS. Chicks were administered a single 0.5-mL oral dose of either 2 × 10 8 cfu of Salmonella Typhimurium/dose or PBS as sham control using 1-mL syringes without needles as previously described by Faber et al. (2012) .
Ingredients, Diets, and Feeding
Clays were obtained from Milwhite Inc. (Brownsville, TX). All diets were formulated to meet or exceed NRC (1994) recommendations and did not include antibiotics or coccidiostatics (Table 1) . Feed and fresh water were offered to the chicks ad libitum.
Data Recording and Sample Collection
Pens of chicks and feeders were weighed on d 0 (inoculation day), 3, 7, and 10 postinfection (PI) to determine ADG, ADFI, and G:F. These weighings delineate the approximate periods expected to be associated with pathogen incubation, active disease, and recovery. Two pens were eliminated after d 3 PI because the chicks were unable to access feed for a day due to defective attachment of the feeders to these pens. Due to this un- wanted feed restriction, the data for performance after d 3 PI for these 2 pens were not used. After the problem was resolved, chicks were able to access the feeders normally so the data for all the other parameters were used. On 20 d of age (d 10 PI), chicks were euthanized by CO 2 inhalation as previously described by Faber et al., 2012 , and 1 chick was randomly selected from each pen. Chicks were then dissected, and ileum, cecal tissue, and serum of 1 chick/pen were collected. On d 1 through 9 PI, excreta were collected from each pen daily. Just before the collection, excreta pans were cleaned and fresh butcher paper was replaced. Approximately 1 h later, all excreta from each pen was collected, and weighed, and stored at −20°C until DM analysis.
The ileum was opened longitudinally and washed with PBS. Tissues were gently washed in buffered saline then fixed in Carnoy's solution, stained with high iron diamine and Alcian blue, pH 2.5, as previously described (Deplancke et al., 2000) . The slides were scanned by NanoZoomer Digital Pathology (NDP) System (Hamamatsu Co., Bridgewater, NJ), and the total number of goblet cells per villus in the ileum was viewed, counted, and the measure of the cross-sectional area (μm 2 ) of individual goblet cells (i.e., goblet cell sized) was performed in the associated NDP.view software. The measurements were performed in 7 well-oriented villi at 40x resolution. The villus height (VH) was measured from the tip of the villus to the valley between individual villi, and crypt depth (CD) measurements were taken from the valley between individual villi to the basolateral membrane and the ratio VH:CD was calculated (Fasina et al., 2010) . These measurements were made in the same villi where the goblet cell size and number were measured plus in 3 other well-oriented villi resulting in a total of 10 well-oriented villi per chick.
The mRNA of cecal tissue was assayed using reverse-transcription PCR. The primers and probes were obtained from Applied Biosystems, Foster City, CA, which included expression assays for interferon (IFN)-γ (gene of interest; Gg03348616_m1) and glyceraldehyde 3-phosphate dehydrogenase (housekeeping gene, Gg03346982_m1). Quantitative real-time PCR was performed using using TaqMAN PCR Master Mix (Applied Biosystems, Foster City, CA). Reactions were run in triplicates or quadruplicates in a 384-well plate using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Thermal cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles with 15 s at 95°C and 1 min at 60°C. The cycle threshold (Ct) values were calculated, and fold change was calculated as 2 −ΔΔCt as previously described (Livak and Schmittgen, 2001) .
The concentration of the acute phase protein α-1-acid glycoprotein (α-1-AGP) in the serum was measured by ELISA according to the manufacturer's recommendation (Life Diagnostics Inc., West Chester, PA). All samples were analyzed in duplicate.
Statistical Analyses
Data were analyzed by ANOVA with procedures appropriate for a randomized complete block design. Data were analyzed using the MIXED procedure (SAS Institute Inc., Cary, NC) with blocks considered random. The statistical model included the fixed main effects of infection and diet, and their interaction. To test for the presence of outliers, the PROC Univariate procedure of SAS (SAS Institute Inc.) was used. Differences among the clay treatments within each challenge group were tested by pair-wise comparisons when the overall main effect of diet or the diet × challenge interaction was significant and in one case (ADFI d 3-7 PI) when P = 0.06. Differences with a probability of P ≤ 0.05 were accepted as statistically significant, whereas mean differences with P-values ranging from >0.05 to 0.10 were accepted as trends.
In Vitro Experiment
Treatments. One kind of smectite (SMA) was provided by Milwhite Inc. (Brownsville, TX) for use in this research. The clay treatment was prepared at 3 different concentrations (0.05, 0.10, and 0.50%) for the gene expression data. The photos of the cell culture with the 0.50% concentration showed a considerable layer of clay covering the cells, leading to concern that the cells may not function normally. For that reason, the data from that treatment are not presented and that treatment was eliminated from the measurement of the gene product. The lower concentrations of clay also partially covered the cells but to a more modest extent. The 2 lower clay concentrations appear to be in the range that might be encountered in vivo. The SMA was autoclaved before use to avoid contamination and minimum essential medium (MEM) was added to achieve the desired concentrations of 0.05, 0.10, and 0.50%.
Cell Culture. The human colorectal adenocarcinoma cell line (LS174T) passage 114 was obtained from the American Type Culture Collection. The cells were maintained in the culture flasks with MEM including 100 IU of penicillin/mL and 100 μg of streptomycin/ mL and 10% fetal bovine serum (HyClone Laboratories Inc., Logan, UT) at 37°C in 5% CO 2 as previously described (Zheng et al., 2011) . All treatments were included on each of 3 separate occasions, each time with 3 replicate wells. Each well was an experimental unit. Cells were harvested after 24 h incubation for gene expression measurements and after 96 h of incubation for protein measurements and stored at −80°C for RNA isolation. The medium was harvested after 96 h incubation for protein measurements, but the medium was changed after 48 h incubation so the medium that was collected reflects only the last 48 h of incubation.
Quantitative Real-Time Reverse-Transcription PCR. The β-glucuronidase (GUSß) enzyme catalyzes breakdown of complex carbohydrates and was used as a housekeeping gene. All data obtained from the target genes were normalized according to the expression of the housekeeping gene.
Total RNA was isolated from cells using the RNeasy mini kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instruction for animal cells. The probes and primers were obtained from Applied Biosystems, which included expression assays for MUC2 (Hs00159374_m1), TFF3 (Hs00173625_m1), RELMß (Hs00395669_m1), and GUSß (Hs99999908_m1). Quantitative real-time PCR was performed as described above.
Immunoblot Analysis. For the cell lysate analysis, at the end of the incubation period (96 h), cells were washed with Hanks' buffered salt solution, then lysed with 400 μL of 1X Cell Lysis Buffer (Cell Signaling Technology Inc., Danvers, MA) with protease inhibitor cocktail (Sigma Aldrich Co., St. Louis, MO). Following incubation for 5 min on ice, cells were collected by scraping and then sonicated. The supernatant of the extract was removed for use. An aliquot containing 40 μg of protein was electrophoresed on 10 to 15% polyacrylamide gel and transferred to a polyvinylidene fluoride membrane (Fisher Scientific Inc., Pittsburgh, PA) as previously described (Fujino et al., 2003) . Membranes were incubated with skim milk reconstituted in Tris-buffered saline (8-10% final concentration) with 0.1% Tween 20 (PBST) for 1 h at room temperature. The bound proteins were probed with the primary antibodies, RELMβ (rabbit anti-human at a dilution 0.2 μg/mL) and β-actin (mouse monoclonal antibody at a dilution of 1:800) overnight at 4°C. Following incubation, the blots were extensively washed PBST and incubated with respective (goat anti-rabbit and rabbit anti-mouse) horseradish peroxidase-labeled secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:2,000 for 1 h at room temperature. After thorough washing in PBST, blots were developed using the Super Signal West Femto System (Thermo Scientific, Rockford, IL) 1:1 and incubated for 3 min in the dark. Membranes were photographed using Image Quanto LAS 4000 (GE, Uppsala, Sweden) at −25°C and the densitometry of the bands was performed using Image J analysis software (NIH).
For the media analysis, the procedure was as described above except that, at the end of the incubation period (96 h), cells were washed with Hanks' buffered salt solution and the medium was collected and lyophilized, then resuspended in 500 μL of PBS 1× solution, then quantified for total protein before electrophoresis.
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Institute Inc., Cary, NC). The model included treatments only, and each level of clay was compared with the control. Each well was considered an experimental unit. An α value of 0.05 was used to assess significance among means.
RESULTS
In Vivo Experiment and Growth Performance
Dry matter analysis of excreta was conducted, but there were no effects of challenge or dietary treatments so data are not presented.
Several measures of growth performance were reduced by the Salmonella challenge in chicks fed the basal diet, but those measures in chicks fed clays were similar to those of unchallenged chicks with no clear differences among the clays [ Table 2 ; interaction (P < 0.05)]. The Salmonella challenge reduced (P < 0.05) the growth rate of chicks fed the basal diet by 11% during d 3 to 7 PI, approximately the period of active infection. The interaction between challenge and diet occurred (P < 0.05) for ADFI d 7 to 10 and ADFI and ADG during the overall period, and the pattern was similar but not significant for other measures. There were no effects of clays on G:F (Table 2) .
Intestinal Barrier
Goblet Cell Number and Size. The pairwise comparison indicated that Salmonella challenge increased both the number (P < 0.05; interaction) and the size (P < 0.05; diet) of ileal goblet cells in chicks fed the basal diet (Table 3) . Feeding one of the clays (SMA) to the Salmonella-challenged chicks reduced (P < 0.05) both the number and size of those cells compared with challenged chicks fed the basal diet. The goblet cell number was 132.0 in the chicks fed the basal diet in the Salmonella-challenged group, and 99.8 in the chicks fed the SMA diet in the Salmonella-challenged group. The goblet cell size was 29.7 μm 2 in the chicks fed the basal diet in the Salmonella-challenged group, and 23.4 μm 2 in the chicks fed the SMA diet in the Salmonellachallenged group. The SMB and ZEO improved growth performance of Salmonella-challenged birds, but they did not have the same effect on goblet cell number and size as SMA did. The ZEO treatment increased (P < 0.05) the number of goblet cells in the sham-challenged birds.
Ileal Morphometry. Villus height was reduced (P < 0.05) by the Salmonella challenge in chicks fed dietary clays (Table 4) . The SMA and ZEO reduced (P < 0.05) VH:CD in the Salmonella-challenged chicks compared with chicks fed the basal diet (Table 4) .
Immune System mRNA Expression. The Ct values for IFN-γ were too high (>33) to be meaningful, reflecting very low mRNA concentrations, so the data are not reported here.
Acute Phase Protein --AGP . The Salmonella challenge did not change the concentrations of the acute phase protein (α-1-AGP). Clays did not alter Values within a row lacking a common superscript letter are different (P < 0.05). 1 n = 6 chicks/treatment. 2 Sham = unchallenged; E. coli = Escherichia coli challenged; BAS = basal diet; SMA = 0.3% smectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite.
3 S = Salmonella challenge effect; D = diet effect; S × D = interaction between Salmonella and diet effects. 4 Goblet cell number; total number of goblet cells per villus, average of 7 villi. 5 Goblet cell size, cross-sectional area. 
In Vitro Experiment
The mRNA expression of RELMβ (Table 6 ) was increased by SMA in 2 of the 3 cultures (P < 0.04) and in the overall data (P < 0.01). In the third culture, the trend was in the same direction. The expression of MUC2 was reduced (P = 0.02 overall) by a smaller margin in the presence of 0.10% clay. These data show no indication that the clay altered the expression of TFF3.
The relative abundance of the gene product, RELMβ, in control and clay-treated cells was assessed by immunoblot analysis. A predominant band was detected in the cell lysate of LS174T cells exposed to MEM for 96h ( Figure 1A) but not in the cell lysate exposed to clay. When LS174T cells were grown in the presence of 0.05 or 0.10% SMA for 96 h, there was a reduction (P < 0.05) in RELMβ in the cell lysate ( Figure 1B ) and an increase (P < 0.05) of RELMβ secretion into the medium ( Figure 1C ).
DISCUSSION
Our results show that the clays tested herein interacted with the Salmonella challenge, reducing the impact of Salmonella on the growth performance of broiler chicks, with no clear differences in responses among the clays. To our knowledge, this is the first demonstration that clays in poultry diets alleviate detrimental effects of enteric disease, although corresponding benefits have been reported for other species. Song et al. (2012) reported that, when pigs were challenged with a pathogenic E. coli, feeding dietary clays including smectite, zeolite, kaolinite, or combinations of them at 0.3% of the diet reduced diarrhea. Children with acute gastroenteritis when treated with smectite along with rehydration had shorter duration of diarrhea compared with children treated without smectite (Szajewska et al., 2006) . Clays' effects on growth performance are variable. Some studies have shown no effect (Shurson et al., 1984; Poulsen and Oksbjerg, 1995) , whereas others have shown a positive effect (Papaioannou et al., 2004;  Values within a row lacking a common superscript letter are different (P < 0.05). 1 n = 6 chicks/treatment. 2 Sham = unchallenged; SALM = Salmonella challenged; BAS = basal diet; SMA = 0.3% smectite A; SMB = 0.3% smectite B; ZEO = 0.3% zeolite. 3 S = Salmonella challenge effect; D = diet effect; S × D = interaction between SALM and diet effects. Alexopoulos et al., 2007) , or even a negative effect on performance (Shurson et al., 1984) when fed to pigs. The present data showed no effect of clays on growth performance when chicks were sham-challenged. Goblet cells are specialized epithelial cells which secrete cysteine-rich proteins that become the core components of the mucus barrier, including MUC2, RELMβ, and trefoil factors (Specian and Oliver, 1991) . The size of these cells is determined largely by the balance between the synthesis and secretion of these proteins, with MUC2 being quantitatively the most important (Kim and Ho, 2010) . This finding may explain the increase in size of goblet cells in infected chicks in the present study, as well as in previous studies (Deplancke and Gaskins, 2001; Collier et al., 2008; Fasina et al., 2010) . Previous authors interpreted increases in size of goblet cells in response to pathogenic or commensal bacteria as an indication of increased mucin production (Deplancke and Gaskins, 2001; Collier et al., 2008; Fasina et al., 2010) and therefore as a protective response. The size of goblet cells increases during the acute phase of infection, but diminishes during the chronic phase as the secretion of the cell products is not matched by new synthesis (Kim and Ho, 2010) . Further, RELMβ triggers secretion of mucins, depleting the cells and reducing cell size (Krimi et al., 2008) .
The in vitro experiment was conducted to determine if SMA alters the intestinal barrier by increasing expression of any of 3 genes involved in maintaining that barrier. When LS174T cells were exposed to SMA at 0.10%, there was an increase in RELMβ and a decrease in MUC2 mRNA expression. The magnitude of the response was greater for the upregulation of RELMβ (41%) than for the downregulation of MUC2 (25%) so we focused measurement of gene products on RELMβ only. Moreover, the upregulation of RELMβ is consistent with the in vivo results in goblet cell size data. Because RELMβ is involved in maintenance of colonic epithelial cell barrier function, we can conclude that SMA may have a protective effect in maintaining the mucosal defense barrier by upregulating RELMB.
The RELMβ is a secreted protein and the protein measured in the western blot was collected from the cell lysate (96 h incubation) as well as media (48 h incubation). The cells treated with SMA secreted more RELMβ so there was more RELMβ in media collected in the last 48 h of incubation and less in the cell lysate. These results of increased signal (mRNA expression) and increased secretion of RELMβ demonstrate that SMA may have protective effects on the intestinal barrier.
Differentiation of stem cells in the crypts into goblet cells is increased by inflammation, via stimulation of Krüppel-like factor 4, a transcription factor that is expressed in a variety of tissues including the epithelium of the intestine and plays a role in cell differentiation but inhibits cell proliferation (Evans and Liu, 2008) . More precisely, the number of goblet cells increases during the acute phase of infection (Kim and Ho, 2010) . Reasons for the reduction in goblet cell number when SMA was fed in the present research are not clear, but perhaps the protective effects of the clay reduce the infectious challenge, which reduces inflammation, which reduces differentiation into goblet cells.
The relationship of the apparent downregulation of MUC2 to other observations, including reduced diarrhea ) is unclear. Diosmectite 0.1% has been shown to upregulate MUC2 levels in HT29-MTX cells (Gonzales et al., 2004) , in contrast to the current results. The simple fact that different clays are used in different experiments may explain the apparently conflicting results. It was shown in the in vivo experiment that different clays have different effects (CON; A) . There was a decrease in RELMβ in the cell lysate when LS174T cells were exposed to 0.05 and 0.10% SMA and incubated for 96 h (B). There was an increase in RELMβ secretion by LS174T cells when exposed to 0.05% SMA and incubated for 96 h in the medium (C). *P < 0.01; **P < 0.001. even though they sometimes are classified in a common category, such as "smectites."
Overall, the present data on goblet cell number and size support the notion that one dietary clay (SMA) has effects consistent with strengthening the intestinal mucus barrier, but do not show that the other clays tested (SMB and ZEO) exert positive effects. The interaction between clays and Salmonella was significant for ADG (P < 0.05) and ADFI (P < 0.02) for the overall period where the Salmonella challenge reduced ADG and ADFI but clay provided a beneficial effect by restoring these parameters in the Salmonella-challenged group. The pattern of response leads to the suggestion, which requires further testing, that different clays produce benefits through different mechanisms, even among the smectites. Different clays have different chemical structures, which may provide different properties, but specific relationships between structures and the physiological effects reported here are unknown.
The VH, CD, and VH:CD are used as indicators of intestinal epithelial integrity. An overall reduction in VH after Salmonella challenge indicates damage to the barrier and reduction in nutrient absorption that are consistent with the reduction in performance and increase in goblet cell size and number discussed earlier. However, a deepening of the crypt is also expected during infection and we did not observe it in this experiment. We also observed an unexpected reduction in VH:CD when SMA was fed in the Salmonella-challenged group. The values observed for VH, CD, and VH:CD ratio are in the range reported by other authors (Tsirtsikos et al., 2012; Yitbarek et al., 2012; Zhang et al., 2012) .
The timing of the various components of the immune response after infection of chicks with the Salmonella used in this experiment is not well described, and may explain the absence of effects of the challenge on measures of immunity.
The lack of response of the acute phase protein to the challenge agrees with the lack of response of IFN-γ mRNA expression to the challenge at 10 d PI. Holt and Gast (2002) reported an increase in α-1-AGP 3 at 9 d after hens were challenged with Salmonella enteriditis; however, the timing of the immune response may differ between the mature hens in that experiment and the young chicks in the present experiment. Young chicks produce α-1-AGP after LPS injection (Takahashi et al., 1994) , but that does not provide insight into the time of response after Salmonella infection.
In conclusion, challenging chicks with Salmonella reduced performance, but feeding a low dietary concentration of clay moderated or prevented that reduction, with no clear differences among the 3 clays tested. This response confirms that small amounts of these clays provide benefits to chicks challenged with enteric disease, as occurs in other species. One of the clays (SMA) reduced goblet cell size and number, suggesting its benefit may be mediated through strengthening the mucus barrier. When LS174T cells were exposed to SMA, the expression of RELMβ was upregulated at the lower concentration of SMA and the secretion of RELMβ was increased. There was no indication of similar effects of the other clays, even though all clays appeared to provide beneficial effects by restoring the performance of the Salmonella-challenged birds, so they may function through different mechanisms. Combined, these data suggest that some, but not all, clays help improve barrier function of chicks during an enteric infection in vitro. To the best of our knowledge, this is the first time that expression of RELMβ was measured in LS174T cells exposed to SMA or even to clays.
